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extrinsic information transfer chart of the channels. The chan-
nel statistics are fed back to the transmitter to adapt forward
error correction coding. A parametric analysis method uses a
Gaussian mixture model. The statistical information feed-
back can adapt an ARQ sheme by adding a weighted received
signal to the original coded signals to reduce nonlinear dis-
tortion. Trellis shaping can make the transmitting signal pref-
erable for nonlinear channels.
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ADAPTIVELY CODING AND MODULATING
SIGNALS TRANSMITTED VIA NONLINEAR
CHANNELS

FIELD OF THE INVENTION

This invention relates generally to digital communications,
and more particularly adaptively coding signals for nonlinear
channels.

BACKGROUND OF THE INVENTION

Forward error correction (FEC) coding can reduce errors
caused by noisy channels. FEC coding can be optimized by
curve fitting with an extrinsic information transfer (EXIT)
chart. When the channel state is time varying, the FEC coding
should be changed according to the channel state. This is
usually done by using adaptive coding and modulations.
However, none of the existing adaptive coding methods can
adjust for nonlinear channels which limits the advantage of
FEC coding, especially in optical communications.

Optical communications have different characteristics
than wireless communications. First, the interaction between
the light signal and medium is complex. Second, optical
signals are typically transmitted via a unidirectional optical
fiber. Hence, optical networks use one channel from the trans-
mitter to the receiver, and another channel from the receiver to
the transmitter. Thus, the two channels are asymmetric,
unlike in wireless communications, and the reverse channel
does not mirror the forward channel. However, optical chan-
nels do not vary as much as wireless channels over time. Thus,
channel states tend to be effective for longer time periods, and
instantaneous channel state is less critical.

Adaptive precoding performs amplitude, phase control and
data control to reduce errors b using a priori information of
the channel state. Methods for precoding include Tomlinson-
Harashima precoding, dirty paper coding, trellis shaping,
time reversal precoding, inverse channel filtering, vector per-
turbation and predistortion. None of those methods are suited
for complex time varying nonlinear channels.

Digital back-propagation (DBP) can be used for nonlinear
channels in optical communications. However, DBP has
many drawbacks. DBP is weak against stochastic noise,
needs high-complexity operations, and a parameter mismatch
to the actual channel state causes additional distortion.

Inlinear channels, it is known that the encoding and decod-
ing complexity is significantly decreased, and the error prob-
ability is considerably reduced when feedback information
from the receiver is available at the transmitter. An automatic-
repeat request (ARQ) is one example of such. The well known
Schalkwijk-Kailath (S-K) feedback coding scheme achieves
channel capacity at a doubly-exponential decaying error
probability without any FEC coding. However, there is no
successful applications, and unified theory about the use of
feedback for nonlinear channels.

SUMMARY OF THE INVENTION

Embodiments of the invention provide an adaptive coding
for linear and nonlinear channels to improve reliability and
efficiency in digital communications networks. The method
monitors channel statistics to generate and analyze an extrin-
sic information transfer (EXIT) chart of the channels. The
channel statistics are fed back to the transmitter to adapt
forward error correction (FEC) preceding and encoding.

One embodiment of the invention provides parametric
analysis of nonlinear channel statistics by using a Gaussian
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mixture model (GMM). The statistical parameters are esti-
mated by an expectation-maximization (EM) process. For
nonparametric analysis, the channel statistics are represented
by a multi-dimensional histogram of the multi-variate
received signals to build several moments (mean, variance,
skewness, etc.).

Using either parametric or nonparametric statistics, the
EXIT curve is obtained by another histogram of extrinsic
mutual information, given a priori mutual information to
adapt the FEC coding.

One embodiment of the invention optimizes low-density
parity-check (LDPC) codes, based on the EXIT chart infor-
mation available at the transmitter. The degree distribution of
LDPC variable nodes and check nodes are redesigned by
curve fitting of the EXIT chart, with a consideration of prac-
tical decoder aspects, including a maximum number of itera-
tions, fixed-point arithmetic precision, and finite length of
codes.

Another embodiment of the invention provides an auto-
matic repeat request (ARQ) based on Schalkwijk-Kailath
(S-K) feedback coding generalized for nonlinear channels by
feeding back the received signal. The transmitter adds a
weighted received signal to the encoded signal, which can
exponentially decrease an equivalent nonlinear distortion.

Another embodiment of the invention adapts precoding
(e.g., trellis shaping), which intentionally adapts the data so
that the transmitting signal is more preferable for nonlinear
channels to reduce distortion. The optimal precoding can be
redesigned by using statistical information of the channel,
and a regenerative model based on GMM and Volterra series
expansion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic of a method and communications
network with adaptive coding according to embodiments of
the invention;

FIG. 2 is a schematic of channel statistics estimation
according to embodiments of the invention;

FIG. 3 is a schematic of an EXIT-based Optimization of
LDPC codes according to embodiments of the invention;

FIG. 4 is a schematic of an adaptive LDPC encoder and
decoder according to embodiments of the invention;

FIG. 5 is a schematic of ARQ based on S-K feedback
coding according to embodiments of the invention; and

FIG. 6 is a schematic of adaptive precoding based on trellis
shaping according to embodiments of the invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Embodiments of the invention provide adaptive coding for
linear and nonlinear channels to improve reliability and effi-
ciency in digital communications networks.

Method and Network

FIG. 1 shows a preferred embodiment of a method and
network 100 according to embodiments of the invention. The
network includes a transmitter 110 and a receiver 120 to
transfer data 111 via linear, nonlinear, and noisy channels 130
in e.g., optical fiber, satellite, and other types of noisy com-
munication networks.

The transmitter has data 111 for an FEC encoder 400. The
encoded data can be adapted by a precoding block 113, and
are transmitted after modulation 114 as a signal, e.g., an
optical or radio signal, via a linear, nonlinear or noisy channel
130.
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A distorted received signal 101 is detected 121 at the
receiver 120, e.g., by an equalizer. The detected signal is FEC
decoded 122 to reduce errors. The FEC decoded information
can be fed back to the detector block to achieve turbo loop
gains 125.

The output of the FEC decoder is used to decide 123 the
transmitted data. The decision can be monitored by an error
checker 124. An ARQ is generated 144 when the receiver
detects errors in the decoded data.

Channel Statistics

The invention improves the reliability and efficiency using
channel state information (CSI) The method analyzes 200 the
channel statistics using the received signal 101. An EXIT
chart is generated and analyzed 142 by measuring a histo-
gram of the detection output given the FEC decoder feedback
information.

The channel statistics 115 are fed back to the transmitter so
that the precoder can be adapted according to the channel
state.

The EXIT chart information 143 is used by the transmitter
so that the FEC codebook is improved according to the chan-
nel state.

Then, the ARQ can cause retransmission with an improved
modulation format.

FIG. 2 shows the channel analyzer 200 for nonparametric
and parametric statistical models. The nonparametric model
constructs a table 210 which represents a multi-dimensional
histogram of the received signal 101.

A parametric Gaussian mixture model (GMM) 220 repre-
sents the histogram analytically. The GMM his multiple
parameters to estimate for well describing the histogram. The
GMM is estimated by an expectation-maximization (EM)
process 230, which is an iterative solution of an approximate
maximum likelihood (ML).

In the expectation step, the likelihoods of the estimate are
determined, while the estimate is updated to locally maximize
the likelihoods in the maximization step. The received signals
are typically correlated, and hence, the effective dimension-
ality can often be reduced by principle component analysis
(PCA) or linear discrimination analysis (LDA). Alternative to
the parametric GMM, other model can be used.

The EXIT curve is obtained by another histogram of the
extrinsic mutual information given a priori mutual informa-
tion to adapt the FEC coding.

Optimization of LDPC Codes

FIG. 3 schematically shows an optimization procedure 300
for LDPC codes based on the EXIT chart available at the
transmitter. The EXIT curve ofthe nonlinear channel detector
is plotted 310 according to the histogram of the information
between the detector 121 and the FEC decoder 122.

The EXIT curve is shifted 320 by adding a noise margin so
that the adapted LDPC coder can still operate in noisy con-
ditions caused by receiver imperfection, such as a circuit
noise, channel estimate error, and precision loss. The shifted
EXIT curve is combined 330 with the EXIT curve of the
variable node decoder, where the curve is predetermined by
fixed-point operation decoding simulations. The obtained
curves and the EXIT curve of check node decoder are used to
optimize 340 the degree distribution of the LDPC coder.

The conventional optimization performs curve-fitting with
linear programming. In contrast the embodiments of the
invention directly use the iteration trajectory, rather than the
curve fitting so that the error probability is less than a pre-
defined threshold, e.g. 10~*°, within the maximum number of
turbo loop iterations 125, e.g., five times. The coding rate can
be optimized at the same time. The coding optimization can
be done, e.g., by a modified density evolution.
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LDPC Coding

FIG. 4 shows an apaptable LDPC encoder and decoder
400. Adaptive LDPC coding changes the degree distribution
of'edges between variable node decoders 410 and check node
decoders 420, according to the channel statistics and EXIT
chart information. Hence, an edge interleaver implements
adaptable selectors 430 to add and delete intended edges
when the EXIT-based LDPC optimization determines a
change of edges to improve performance.

For turbo loop operations, the log-likelihood ratio (LLR)
405 information from detector can be updated by turbo loop
multiplexers 440, which pass belief information from the
variable node decoders to the adjacent variable node decod-
ers. Such multiplexers can be implemented by conditional
adders when the turbo equalization is approximated by maxi-
mum-logarithmic (max-log) functions.

S-K Feedback for ARQ

Another embodiment of the invention the ARQ 144 is
based on the S-K feedback coding, generalized for nonlinear
channels by feeding back the received signal 101.

FIG. 5 shows the S-K feedback 500 for nonlinear channel
statistics. When an error is detected 510, the ARQ is fed back
520 to the transmitter with the channel statistics and quan-
tized received signals. The transmitter can regenerate the
received signal 101 by using the channel statistics and the
quantized received signal 530. Based on the error, the modu-
lation format can be adapted 540 by adding a weighted sum of
the received signals so that the receiver has exponentially
decaying nonlinear distortion. A similar procedure can be
used for any other ARQ method.

Adaptive Coding

The other embodiment of the invention provides an adap-
tive precoding based on trellis shaping, which intentionally
adapts the data 111 so that the transmitting signal is preferable
for nonlinear channels to reduce distortion.

FIG. 6 shows the method for trellis shaping 600 for non-
linear channels. This essentially replaces the precoding block
113 of FIG. 1.

When no precoding is used, the FEC encoded data 601 is
directly fed to the modulation block 114 via the switch 602.

If the receiver has the channel statistics and regenerative
GMM model, with the help of Volterra series expansion 670,
then the FEC encoded data are fed, via a trellis shaping block
620, to the modulation block 114.

In the trellis shaping block, the FEC encoded data are
encoded by an inverse parity check matrix 630 of a convolu-
tional code. The parity check output is summed 640 with
other encoded data, which is an output of a corresponding
generator matrix 650 generated from auxiliary data 660. The
combined data are then modulated 114 and transmitted via
the channel 130.

The auxiliary data 660 are optimized so that the transmitted
signal can minimize the nonlinear distortion in the channel by
using the regenerative model of GMM and Volterra series
expansion 670. This is done by a Viterbi process to search for
the optimal data which minimize the distortion power.

The receiver uses the parity check to remove the auxiliary
data. An analogous method can work for any other precoding
schemes, such as vector purtebation.

Although the invention has been described by way of
examples of preferred embodiments, it is to be understood
that various other adaptations and modifications can be made
within the spirit and scope of the invention. Therefore, it is the
object of the appended claims to cover all such variations and
modifications as come within the true spirit and scope of the
invention.

We claim:
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1. An optical communications network, comprising:
an optical transmitter, further comprising:
a forward error correction (FEC) encoder;
a precoder: and
a modulator;
an optical receiver, further comprising:
a detector;
a FEC decoder;
a decision block; and
an error check block;

an optical fiber connecting the optical transmitter and the
optical receiver;

a first analyzer, connected between the optical transmitter
and the optical receiver, configured to generate an
extrinsic information transfer (EXIT) chart, and adapt-
ing the FEC encoder according to the EXIT chart; and

a second analyzer, connected between the optical transmit-
ter and the optical receiver, configured to generate non-

10

15

linear statistics of an optical channel in the optical fiber 20

between the optical transmitter and the optical receiver,
and adapting, the precoder and the modulator according
to the nonlinear statistics.

6

2. The network of claim 1, wherein the encoder is a forward
error correcting encoder.

3. The network of claim 1, further comprising:

measuring a histogram of an output of the detector given

feedback information from the FEC decoder to generate
the (EXIT) chart.

4. The network of claim 1, further comprising:

generating an automatic-repeat request (ARQ) to initiate

retransmission of data with an improved modulation
format and adaptive Schalkwijk-Kailath coding.

5. The network of claim 3, wherein the histogram is based
on nonparametric and parametric statistical models, and the
parametric model is a Gaussian mixture model (GMM) esti-
mated by an expectation-maximization (EM) process.

6. The network of claim 5, wherein the GMM is estimated
by locally maximizing likelihoods during the maximization.

7. The network of claim 1, wherein receiver has exponen-
tially decaying nonlinear distortion.

8. The network of claim 1, wherein the precoder is based on
trellis shaping, which intentionally adapts the data so that a
transmitting signal is preferable for nonlinear channels to
reduce distortion.



